It is well known that individual species of Larix MILL. are characterized by the extremely high percentage of produced non-vital empty seeds and therefore (despite the appreciable importance of this genus in forestry and landscape ecology) their breeding, seed management and artificial regeneration are complicated. Concurrently, the Larix species are characterized by large, heavy and wingless (so-called non-saccate) pollen grains whose mobility is considered relatively low in most cases (DYLIS 1948; CHALUPA 1961, 1985, and others). Besides that, the receptive period of female generative organs is relatively short (BARNER, CHRISTIANSEN 1960; VILLAR et al. 1984; SAID et al. 1991; OWENS et al. 1994 ) and the success of pollination is closely related to the amount of produced pollen and the existing meteorological conditions during its shedding (KRIŽO, SLOBODNÍK 1996) . Concerning these weak links of the pollination process and the fact that the integument is able to transform into the normally developed testa in unfertilized larch ovules as well (unlike various species of Picea A. DIETR. and Pinus L.), the insufficient pollination could be regarded as a very important prezygotic factor markedly influencing the full seed production within this genus. According to the studied literature data, however, the chronically high percentage of produced empty seeds in Larix is not probably caused by a single reason but it is to be considered the result of numerous accidents and irregularities in various processes of the reproductive cycle (KOSIŃSKI 1986 (KOSIŃSKI , 1987 SHIN, KARNOSKY 1995) . In this context, the success of pollination should be studied as one of several factors affecting the quality of the produced larch seeds and the actual importance of insufficient pollination should be assessed and quantified.
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MATERIAL AND METHODS
The studies on the pollination success and seed quality of European larch were carried out under the conditions of "Kmeťová" seed orchard (Forest Enterprise at Slovenská Ľupča, Banská Bystrica region, Central Slovakia) in 1998. This orchard was established 25 years ago (in 1973) and is composed of grafted plants from the elite trees of one autochthonous provenance (Šumiac, Low Tatra Mts. -the clones marked with "Š") and one provenance with uncertain origin (Motyčky -the clones marked with "M").
The occurrence and number of pollen grains attached to the stigmatic apparatus of ovules were ascertained from microscopic preparations of open-pollinated and self-pollinated female generative structures (a short time before the shedding of pollen, several branches with both male and female strobili were isolated by paper bags in order to prevent the open pollination). For the purpose of rapid quantitative evaluation of pollination success, three open-pollinated and three self-pollinated female strobili were pulled out from each of the four observed grafted plants immediately after the completion of the pollination period and carried to the laboratory. By means of a binocular magnifying glass and scalpel, individual ovuliferous scales were separated gradually from the base to the top of the female strobilus. Similarly to the method This paper is based upon a part of the author's PhD Thesis funded by the Slovak Grant Agency VEGA (Grant No. 1/7056/20). described by BARNER and CHRISTIANSEN (1960) , the apical part of each normally developed ovule was cut off, fixed and stained with a drop of the acetocarmine solution, put between the microscopic slides and observed as a squash preparation. The pollination success was evaluated separately for four individual grafted plants (belonging to the clones marked as M5, M10, Š13 and Š14) and three different parts (lower, middle and upper third) of the open-pollinated and self-pollinated female strobili.
Similarly to the treatment of the immature female strobili at the end of the pollination period, 24 full-grown lignified cones (three open-pollinated and three self-pollinated ones from each analysed clone) were deprived of the ovuliferous scales. After the manual extraction of seeds, all the normal-looking ones (i.e. the seeds with normal size, normal shape and normally developed testa) were cut longitudinally with the scalpel. After this simple manipulation, the full seeds (i.e. the seeds with normally developed embryo and nutritive tissue) became very easily distinguishable from the empty ones (i.e. the seeds with shrivelled and degenerated inners).
A relationship between the full seed percentage and the success of pollination (expressed as the percentage of ovules pollinated by a certain minimal number of pollen grains -in particular, 1, 3, 5, 7 and 9) was studied by nonlinear correlation analysis. Four mathematical functions, applied by SORENSEN and WEBBER (1997) to model a similar relationship in the seed orchards of Pseudotsuga menziesii (MIRB.) FRANCO and Tsuga heterophylla (RAF.) SARG., were chosen for this purpose as well. The analyses were carried out separately for each of the used pollination modes (open pollination and self-pollination, respectively). 12 data points (4 clones, 3 different regions of female strobili) were analysed in each data set.
RESULTS

SUCCESS OF POLLINATION
In the case of open pollination, the proportion of pollinated ovules (i.e. ovules with one pollen grain on the papillae of their pollen-collecting apparatus at least) ranged from 56.31% (strobilus No. 1 of the grafted plant belonging to Š14 clone) to 100.00% (strobilus No. 1 from M5) and a similar trend was also registered in the mean values of individual clones (Table 1 ). The lowest percentage of pollinated ovules (70.50%) was ascertained in the female strobili of the clone marked as Š14, whereas the M5 clone was characterized by the mean value of almost 100% (96.82% precisely). The mean values of the remaining two clones (M10 and Š13) were near the total mean for the open pollination (83.77%). In almost all the observed samples, the highest rates of ovules with the attached pollen grains were ascertained in the middle parts of female strobili. On the other hand, the proportion of pollinated ovules was not always sufficiently high in the self-pollinated female strobili, especially in M5 with the mean value of 42.58%. Unlike the previous mode of pollination, the highest ascertained values were related to the upper regions of the strobili. In total, 64.79% of ovules contained the attached pollen grains after self-pollination.
The results of analysis of variance (the arcsine-transformed values were analysed) approved the existence of significant differences at all three levels (clone, mode of pollination, part of female strobilus) as well as differences resulting from most of the possible interactions ( Table 2) .
The basic trends of differences between the clones and the parts of female strobili were also partly demonstrated by the results of Duncan's and Tukey's tests. In the case of open pollination, the proportions of the pollinated ovules belonging to M5 proved (with the exception of Tukey's test at the significance level of α = 0.01) to be significantly higher than the ascertained values of the other clones. On the other hand, the values of the clone marked as M10 were significantly the highest in the self-pollinated strobili (Table 3) .
In open-pollinated ovules, the statistical significance of differences between the middle and the other parts of female strobili was confirmed by the results of both used tests at both basic significance levels. However, as Table 4 shows, no distinct trends were demonstrated in self-pollination.
Besides the determination of the proportions of pollinated ovules, the estimation of the number of pollen grains on their pollen-collecting (stigmatic) apparatus was used as an additional criterion of pollination efficiency. The corresponding histograms are shown in Figs. 1 and 2.
PERCENTAGE OF FULL SEEDS
In terms of their outward appearance, the seeds in the mature, lignified cones could be distinctly divided into the following three groups: 1. Small, flattened, rudimentary seeds that could arise as a consequence of abnormal early development or abortion of ovules at early stages of their morphogenesis. Table 3 . Mean values and homogeneous groups at the significance levels of α = 0.05 (letters a, b and c) and α = 0.01 (letters A and B) for the proportion of pollinated ovules depending on the mode of pollination and the clone (transformation: p' = arcsin√ p In the normally developed cones, the proportion of seeds of the first type was very low and therefore these rudimentary formations were not taken into consideration in the quantitative analysis. In comparison with the small underdeveloped seeds, the second category was more abundant, but the proportions of damaged seeds varied considerably among individual strobili. In order to avoid the problems in the interpretation of results, another quantitative analysis was carried out only on relatively undamaged cones with 10% of defective seeds at most.
Although the final full seed proportions were relatively low (less than 30%) in all the investigated samples, very expressive contrasts were observed especially between two employed pollination modes. While after the open pollination the registered values ranged from 8.75% (cone No. 2 belonging to M10) to 27.28% (clone marked as M5, cone No. 3), they were close to zero in all the self-pollinated female strobili regardless of the clone. On average, in individual clones the full seed percentage ranged from 13.45% (M10) to 22.59% (M5) after the open pollination, Table 4 . Mean values and homogeneous groups at the significance levels of α = 0.05 (letters a and b) and α = 0.01 (letters A and B) for the proportion of pollinated ovules depending on the mode of pollination and the part of female strobilus (transformation: whereas in the cases of controlled selfing the mean proportions were between 0.55% (Š13) and 6.18% (Š14). In addition, some of the self-pollinated cones (namely, two cones of Š13 and one cone of Š14) were characterized by the absolute prevalence of seeds without a normal-looking embryo and nutritive tissue. After both employed pollination modes, the lowest mean full seed proportions were ascertained in the uppermost regions of the cones (Table 5) .
The results of analysis of variance (Table 6 ) demonstrated the existence of statistically significant differences at the levels of pollination mode (open, self), part of cone (basal, middle and upper third) as well as all the possible interactions. On the contrary, the differences at the level of clone proved to be statistically non-significant. However, when each of the modes of pollination was analysed separately, some statistically significant differences between the clones were demonstrated by the results of Duncan's multiple range test at the significance level of α = 0.05 (Table 7) .
Regarding the differences between the regions of cones, statistical significance was demonstrated only after open pollination when the final full seed proportion was significantly lowest in the uppermost third of the strobili (at both significance levels of α = 0.05 and α = 0.01), whereas no significant differences were confirmed between the other two parts, i.e. between the basal and middle regions of cones. On the other hand, significant differences between the base, the middle and the apical part were entirely absent in the self-pollinated cones where the data on all these regions represented a single homogeneous group (Table 8) .
CORRELATION ANALYSIS
Despite the large differences between the proportion of pollinated ovules and the percentage of full seeds, a certain trend is evident from the results of correlation analysis after open pollination (Fig. 3) : while the full seed percentage increases relatively rapidly along with the initial increase of pollination success, it approaches subsequently an asymptote as the percentage of pollinated ovules reaches the maximal values. However, all the plotted curves are extraordinarily flat (regarding the very low mean percentage of full seeds) and, while the data points are relatively scattered, most of the calculated correlation coefficients are lower than 0.5 (the critical value for sample size n = 12, degrees of freedom n -2 = 10 and significance level α = 0.05). In general, the lowest values of the correlation coefficient were computed if the ovules with 2 pollen grains and less were included into the calculations (the values of r = 0.22-0.31, image not shown).
On the contrary, this trend was absolutely indistinct after controlled self-pollination when the computed values of r ranged from 0.00 to 0.29 and the curves were extraordinarily flat (images not shown). This fact (along Table 7 . Mean values and homogeneous groups at the significance levels of α = 0.05 (letters a and b) and α = 0.01 (letter A) for the full seed proportion depending on the mode of pollination and the clone (transformation: p' = arcsin√ p). with large differences between the success of pollination and the full seed percentage, and the relatively low values of correlation coefficients after open pollination as well) suggests that the empty seed formation in Larix is strongly affected not only by insufficient pollination but also by additional factors, more or less independent of pollination intensity.
DISCUSSION
A prevailing majority of gymnosperms (including European larch) are wind-pollinated. Various authors (OKUBO, LEVIN 1989; DI-GIOVANNI, KEVAN 1991, and others) tried to explain the long-distance pollen transport from source to recipient using mathematical models based on the laws of atmospheric dispersal of small particles and their infiltration by plants. However, the movement of pollen grains around the receptive female strobili seems to be, above all, a matter of very fine aerodynamic principles. According to the data of POWELL and TOSH (1991), the pollen grains of Larix laricina are directed to the vicinity of ovules by means of broad and awned bracts. In Douglas-fir, the bract scales are apparently curved, which also funnels the pollen grains into the pollen-collecting apparatus (TAKASO, OWENS 1995) . By means of the simulation of the pollination process of various Pinaceae in a wind tunnel, NIKLAS and PAW U (1983) and NIKLAS (1984) demonstrated that individual structures of receptive megastrobili regulate the direction of air flow and deflect the wind-borne pollen grains towards the ovules. Nevertheless, according to the results of similar experiments carried out by ROUSSY and KEVAN (2000) , the relative pollination success of Pinus banksiana LAMB. was not correlated with the speed of wind.
According to the embryological literature, the pollencollecting apparatus of Larix and Pseudotsuga CARR. is of special type. It consists of two unequal lobes, the larger of which is equipped with so-called stigmatic hairs or papillae (DOYLE 1926 (DOYLE , 1945 DOYLE, O'LEARY 1935; OWENS, MOLDER 1979; VILLAR et al. 1984; KO-RÍNEKOVÁ et al. 1988; POWELL, TOSH 1991; SAID et al. 1991; OWENS et al. 1994, and others) . At the beginning of its development, the integument of various species of larch appears as a ring of the homogeneous meristematic tissue in the basal region of young ovule. Nevertheless, its further growth is rather unequal and consequently, the tip of the integument becomes bilobate. The adaxial lobe enlarges more intensively and after some time, it outgrows the tip of the nucellus. Cells of the apical region of this lobe become elongated and transform to unicellular papillae, the function of which lies in the capture of pollen grains. The abaxial part of the integument is considerably smaller and, with some exceptions, it does not contain any papillae. The identical development of the pollen-collecting apparatus was also described in Pseudotsuga (ALLEN 1963; HO 1980; OWENS et al. 1981, and others) .
The quantitative analysis of the pollination success in larch (i.e. detection of the proportion of pollinated and unpollinated ovules or calculation of the mean number of adhered pollen grains to the pollen-collecting apparatus) was the topic of interest of many authors (BARNER, CHRISTIANSEN 1960; KAJI 1974; HALL, BROWN 1976; POSPÍŠIL 1978; KOSIŃSKI 1986 KOSIŃSKI , 1987 OWENS et al. 1994; SHIN, KARNOSKY 1995; KRIŽO, SLOBODNÍK 1996, and others) . Understandably, their data are considerably varied as they are in close relationship to the meteorological conditions and many additional factors, e.g. total production of male strobili and previous accomplishment of artificial pollination (Table 9) .
According to a great deal of the compared literature data, the lack of pollination does not seem to be the most important factor affecting the empty seed production of Larix (after the open pollination, in most cases more than 60% of ovules contained one adhered or engulfed pollen grain at least). According to the data of KOSIŃSKI (1986 KOSIŃSKI ( , 1987 , the lack of pollination reduced the potential amount of vital seeds of European larch by approximately 20% (on average) and except the insufficient production of pollen grains, it could also result from the low synchronization of male and female flowering and unfavourable meteorological conditions during the receptivity of ovules. Based on my observations, the proportions of ovules with the total absence of pollen grains were not higher than 30% (they ranged from 3.18% to 29.50% depending on the clone) and on average, the lack of pollination caused the loss of potentially produced and normally developed seeds by approximately 16.23%. The different situation was, however, registered in the self-pollinated ovules. In this case, the decrease in the full seed production was, on average, as high as 35.21% and in individual clones it ranged between 9.10% and 57.42%. Because the branches with the strobili were just isolated to prevent the open pollination and the pollen grains from the same individuals were not injected to the isolating bags, this phenomenon was most likely to be caused by the asynchronism between the shedding of pollen grains and the receptivity of female generative organs on the same grafted plant.
Using simple mathematical models, the relationship between the number of captured pollen grains (calculated per square millimetre over the period of 24 hours in a pollen trap placed in seed orchard) and the production of full-value seeds was studied by SORENSEN and WEB-BER (1997) . From among the various non-linear models, the logarithmically transformed power function gave, on average, the highest adjusted coefficients of determination for all the analysed files. Despite the relatively high values of the adjusted coefficients of determination (0.46-0.82 in Douglas-fir and 0.71-0.83 in western hemlock), however, some of the demonstrated values support the assumption of the existence of several additional factors affecting the percentage of full seeds in gymnosperms. Within the species of Larix, except the more or less frequent cases of insufficient pollination, a significant portion of ovules can remain unfertilized although their previous pollination was successful (HALL, BROWN 1977; KOSIŃSKI 1986 KOSIŃSKI , 1987 SHIN, KARNOSKY 1995) . This phenomenon is usually ascribed above all to the abnormal development of female generative organs, disturbances in the pollination mechanism (in particular, restraint of the pollen displacement to the nucellus), and to the decreased viability of pollen grains. Finally, the most significant portion of the produced empty seeds of larch is caused by the abortive degeneration of developing embryos that occurs, above all, as a consequence of genetic load after the self-pollination or the consanguineous mating between neighbouring trees with high degree of relatedness (DIECKERT 1964; PARK, FOWLER 1982; KOSIŃSKI 1982 KOSIŃSKI , 1986 KOSIŃSKI , 1987 SATO 1997) or contrariwise, after the distant, interspecific hybridization (HALL, BROWN 1977; SHIN, KARNOSKY 1995) . In addition, the premature abortion of female conelets (regardless of the success of pollination) can be considered another factor, significantly decreasing the potential amount of produced seeds in conifers, especially in Pseudotsuga and Larix (OWENS et al. 1991; SHIN, KARNOSKY 1995; SLOBOD-NÍK, GUTTENBERGER 2000) .
In the case of my investigations, the increasing percentage of pollinated ovules was only poorly associated with the increase in the full seed percentage. While almost 100% effect of genetic load is assumed after the controlled self-pollination, large differences between the pollination success and full seed percentage from open pollination can be ascribed to both the effect of genetic load and the influence of the maternal genotype, as described recently by KÄRKKÄINEN et al. (1999) in Pinus sylvestris L. To explain the biological mechanisms affecting the quality and genetic value of produced seeds, however, these problems are to be studied in other genera of coniferous trees (including Larix) as well.
